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Nuclear translocationThe apoptosis signal-regulating kinase 1 (ASK1) is activated in response to a wide variety of extracellular
stressors. Consequently, dysregulation of ASK1 is associated with multiple pathologies. Here, we show that
ASK1 translocates from the cytoplasm to the nucleus in HEK293 cells and human cardiomyocytes in response
to hydrogen peroxide (H2O2) or angiotensin respectively. Immunoprecipitation and mass spectrometry experi-
ments reveal that ASK1 physically interacts with the karyopherin α2/β1 heterodimer in response to stress and
genetic knockdown experiments conﬁrm that this association mediates H2O2-induced ASK1 nuclear transloca-
tion. In addition, we have identiﬁed a nuclear localization signal (NLS)-like motif within the primary amino
acid sequence of ASK1 composed of two clusters of basic amino acids separated by an intervening 16 amino
acid spacer, KR[ACANDLLVDEFLKVSS]KKKK. Mutation of the downstream lysine cluster markedly reduces
the H2O2-induced ASK1-karyopherin α2/β1 interaction and inhibits ASK1 nuclear translocation. Furthermore,
we demonstrate that nuclear ASK1 is active and participates in H2O2-induced ASK1-mediated cell death. Collec-
tively, our ﬁndings have identiﬁed a functional interaction between ASK1 and the karyopherin α2/β1
heterodimer and have also revealed a novel mechanism by which nuclear trafﬁcking regulates the apoptotic
function of ASK1 in response to stress.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The apoptosis signal-regulating kinase 1 (ASK1), a ubiquitously
expressed mitogen-activated triple MAPK (MAP3K) plays a pivotal
role in responding to a wide variety of cellular stressors including; re-
active oxygen species (ROS), hydrogen peroxide (H2O2), endoplasmic
reticulum (ER) stress and the activation of certain G protein-coupled
receptors (GPCRs) [1–3]. Once activated, ASK1 relays cellular stress
signals via the classical three tiered MAPK signaling cascade, whereby
a MAP3K phosphorylates and activates a MAP2K, which in turn
phosphorylates and activates a MAPK [4]. Genetic studies demonstrate
that overexpression of ASK1 in cell-based systems engages the intrinsic
apoptosis pathway [2,5,6] and conversely, ASK1 deﬁcient cells and
knockout mice are remarkably resistant to cell death induced by oxida-
tive and ER stress [7]. Furthermore, target validation studies strongly
implicate ASK1 activation in a number of human pathological condi-
tions, including; cardiac, inﬂammatory and several neurodegenerative
diseases [8–11]. In addition to its central role in responding to cellular
stress, ASK1 also mediates physiological processes such as neuronal
differentiation, synaptic plasticity, and the innate immune response
[12–14]. How ASK1mediates this myriad of processes is only beginningTherapeutics and Translational
.:+1561228 2224; fax:+1561
rights reserved.to be understood. The activity of ASK1 is controlled by a number of
mechanisms including post translational modiﬁcation and protein–
protein interactions. These mechanisms either directly modulate
the catalytic activity of the kinase or indirectly alter its speciﬁcity
for a particular substrate, its stability, or as described in this study,
its subcellular localization [15–19].
Active import of macromolecular cargo into the nucleus occurs
through nuclear pore complexes and is facilitated by speciﬁc carrier mol-
ecules or transport receptors, including proteins from the karyopherin
superfamily [20–22]. The karyopherin α/β heterodimers (Kapα/β in
yeast; importin α/β in humans) play key roles in nuclear import by
mediating the transport of cytoplasmic proteins containing ‘classical’
nuclear localization signals (NLS) [23]. Classical NLS motifs consist of
one (monopartite NLS) or two (bipartite NLS) stretches of four or more
arginine and/or lysine residues. The sequences ‘PKKKRKV’ in the SV40
Large T-antigen, and ‘KR[PAATKKAGQA]KKKK’ in nucleoplasmin, repre-
sent prototypes of monopartite and bipartite NLSs respectively [24,25].
Karyopherin α subunits function as adaptor proteins, which recognize
and bind ‘classical’ NLS motifs [26] whereas karyopherin β subunits
dock the heterotrimeric complex to nucleoporins [27].
In the present work we report that the karyopherin α2/β1
heterodimer interacts with ASK1 andmediates its nuclear import in re-
sponse to H2O2-induced oxidative stress or angiotensin receptor 1a
(AT1-R) stimulation in HEK293 cells and in human cardiomyocytes.
Moreover, we have identiﬁed a nucleoplasmin-like NLS motif (KR
[ACANDLLVDEFLKVSS]KKKK) in ASK1 required for both its complex
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translocation. Furthermore, we also demonstrate that the nuclear
subset of ASK1 molecules is active and plays a role in H2O2-induced
ASK1 mediated cell death. Collectively, these data provide the molecular
basis whereby ASK1 gains access to nuclear-speciﬁc substrates to regu-
late cell fate.
2. Material and methods
2.1. Cell culture and reagents
Parental HEK293 cells and HEK293 cells stably expressing the
AT1-R receptor (HEK293-AT1-R) were maintained at 37 °C in a humidi-
ﬁed 5% CO2 atmosphere in Dulbecco's Modiﬁed Eagle's Medium
(Invitrogen), containing 10% fetal bovine serum, 100 IU/ml penicillin,
and 100 μg/ml streptomycin. HEK293-AT1-Rmediumwas supplemented
with zeocin (Invitrogen) to maintain expression of AT1-R. Human
cardiomyocytes derived from inducible pluripotent stem (iPS) cells
were purchased from Cellular Dynamics International. Cardiomyocytes
were maintained in culture according to the procedure described within
the user's guide. Cardiomyocytes were used for immunoﬂuorescence
staining 72 h after plating. Mouse monoclonal anti-FLAG (FLAG M2) an-
tibody was purchased from Sigma Aldrich. Anti-karyopherin α2 (C-20),
anti-karyopherin β1 (H-300) antibodies, and karyopherin β1 siRNA
(sc-35736) were purchased from Santa Cruz Biotechnology. IR dye-
labeled goat anti-mouse and goat anti-rabbit were purchased from
LiCor Biosciences.
2.2. Immunoblotting, immunoprecipitation and cell fractionation
Immunoblotting analyses were performed as described previously
[17]. To identify FLAG–ASK1 interacting proteins, cleared lysates were
incubated with anti-FLAG M2 afﬁnity gel (Sigma Aldrich) for 2 h on a
nutator at 4 °C. Immuno-complexes were collected by centrifugation
at 1000 ×g for 1 min followed by 4 washes with buffer A (50 mM
Tris–HCl, 150 mM NaCl, pH 7.4). Complexes were resolved by
SDS-PAGE (12%) and either Coomassie stained for mass spectrometry
(MS) analysis or subjected to Western blot analysis.
For nuclear fractions, HEK293 cells were washed with ice-cold PBS
and lysed in sucrose buffer (300 mM sucrose, 30 mM CaCl2, 20 mM
MgCl2) containing 0.5% NP-40 and complete protease inhibitors
(Roche Diagnostic) then incubated on ice for 5 min. Nuclei were
pelleted by centrifugation at 1500 ×g for 5 min at 4 °C and washed
with sucrose buffer. Nuclei were resuspended in low salt buffer
(25% glycerol, 20 mM Hepes, 1 mM MgCl2, 20 mM KCl, 0.2 mM
EDTA) followed by gentle addition of 1× volume of high salt buffer
(25% glycerol, 20 mM Hepes, 1 mM MgCl2, 600 mM KCl, 0.2 mM
EDTA) containing 1% NP-40 and complete protease inhibitors
(Roche Diagnostic) and incubated on ice for 20 min. After centrifuga-
tion at 13,000 ×g for 15 min at 4 °C, nuclear proteins (supernatant)
were collected and subjected to immunoblotting analysis.
2.3. FLAG pull-down assays
FLAG–ASK1 and FLAG-ASK1NLS were expressed and puriﬁed as
previously described [17]. The karyopherin α2 recombinant protein was
purchased from GenWay Biotech, Inc. To investigate FLAG–ASK1–
karyopherinα2 interaction, 0.2 μgof puriﬁed FLAG–ASK1or FLAG-ASK1NLS
was incubated with 50 μl of anti-FLAG M2 afﬁnity gel (SigmaAldrich) for
2 h on a nutator at 4 °C. Immuno-complexes were collected by centrifuga-
tion at 1000 ×g for 1 min followed by 4 washes with buffer B (20 mM
Tris–HCl, pH 7.4, 20 mMMgCl2, 1 mMDTT, supplemented with phospha-
tase and protease inhibitor cocktail (Sigma)). The immunoprecipitates
were mixed with 5 μg of recombinant karyopherin α2 protein suspended
in the buffer B. The binding experiment was performed at 4 °C for 2 h.
After centrifugation at 13,000 ×g for 15 min at 4 °C, the supernatantswere removed; the reactions were terminated by the addition of Laemmli
sample buffer and complexes were resolved by SDS-PAGE (12%) and
subjected to Western blot analysis.
2.4. Immunoﬂuorescent staining
Cells were ﬁxed with 4% paraformaldehyde and incubated with
blocking buffer (1% horse serum in PBS, pH7.4). Anti-FLAG and
anti-karyopherin α2 (C-20) antibodies were diluted in blocking
buffer (1:500) and incubated with cells for 1 h at room temperature.
Cells were washed and incubated with appropriate secondary anti-
bodies (Invitrogen) for 1 h. The sub-cellular localization of ASK1
and karyopherin α2 was visualized using an Olympus Fluoview
F1000 confocal laser-scanning microscope.
2.5. Cloning and expression
The human pcDNA3.3–FLAG–ASK1 construct was generated as
described previously [17]. pcDNA3.3–FLAG–ASK1NLS was gener-
ated using the pcDNA3.3–FLAG–ASK1 plasmid as a template and
Stratagene's QuikChange site-directed mutagenesis kit according to
the manufacturer's instructions. ASK1 was expressed in HEK293 cells
using a standard transfection protocol. Brieﬂy, HEK293 cells were
transfected 24 h after plating using calcium phosphate precipitation.
16 h after transfection, the medium was replaced with fresh medium
and cultured at 37 °C in 5% CO2 for an additional 24 h. For siRNA exper-
iments, HEK293 cells were co-transfected 24 h after plating with
karyopherin β1 siRNA and pcDNA3.3–FLAG–ASK1 using TransFectin
(Biorad). 24 h after transfection, the medium was replaced with fresh
medium and cells cultured at 37 °C in 5% CO2 for an additional 48 h.
2.6. LC-MS/MS analysis
In-gel trypsin digestion of individual bands was performed via
standard protocols. Brieﬂy, the Coomassie-stained gel band was ex-
cised from an SDS-PAGE gel, and washed with 20 mM ammonium bi-
carbonate in 50% acetonitrile. The gel band was then treated with DTT
and iodoacetamide to reduce and carbamidomethylate Cys residues,
dehydrated with 50% acetonitrile, and then rehydrated with approx-
imately 50 ng of trypsin in 20 mM ammonium bicarbonate. Proteins
were digested for approximately 16 h at room temperature, and
peptides were extracted by sequential dehydration and rehydration.
Peptides from either in-solution or in-gel digestions were loaded onto a
capillary pre-column (100 μm I.D.) packed with C18 reverse-phase
resin (5–15 μm diameter). The pre-column was placed in-line with an
analytical column (75 μm I.D.) packed with 8 cm of 5 μm-diameter
C18 reverse phase material. Peptides were eluted using nanoﬂow LC
(200 nl/min) with a gradient of 0–55% B in solvent A, where solvent A
consisted of 0.1 M acetic acid in 1% acetonitrile, 99% water and solvent B
consisted of 0.1 M acetic acid in 99% acetonitrile, 1% water. Gradient-
eluting peptides were electrosprayed via a nano-electrospray ionization
source operated at approximately 2 kV into an LTQ-Orbitrap mass spec-
trometer using data-dependent scanning with dynamic exclusion en-
abled. Full scan spectra (m/z 300–2000) were collected in the Orbitrap,
and were used to select the ﬁve most abundant ions per full scan for
collision-activated dissociation (CAD). The resulting CAD MS/MS spectra
were extracted and searched using the Sequest database-searching algo-
rithm. Output from the Sequest searcheswere loaded into Scaffold for sta-
tistical analysis via peptide prophet and protein prophet followed by
manual veriﬁcation of all peptide assignments.
2.7. Cell viability assay
HEK293 cells were seeded in a 96 well plate at a density of 2500
cells/well and transfected with FLAG–ASK1 or FLAG–ASK1NLS as de-
scribed in Section 2.5. Cells were stimulated with 0.5 or 1 mM of
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manufacturer's instructions (Promega).3. Results
3.1. ASK1 interacts with transport receptors of the karyopherin family in
response to oxidative stress
To identify novel ASK1 interacting proteins, HEK293 cells were
transfected with FLAG–ASK1 (HEK293–ASK1) and either left untreated
or treatedwith H2O2, and the ASK1 complex immunoprecipitated using
an anti-FLAG antibody. SDS-PAGE analysis of the resulting immunopre-
cipitates showed the presence of one major staining band of ~150 kDa
containing ASK1 (Fig. 1A), as well as additional bands that contained
Hsp90 and USPX9 as co-immunoprecipitating proteins, conﬁrming
previous observations [17,28]. In addition, mass spectrometry analysis
also revealed the presence of karyopherin β1, a 94 kDa protein
involved in the active transport of proteins between the cytoplasm
and the nucleus. In contrast to Hsp90 and USPX9, karyopherin β1
has not been previously reported to associate with ASK1. Thus, we
further investigated the ASK1-karyopherin β1 complex formation.
Co-immunoprecipitation experiments performed with cell extracts
generated from HEK293-ASK1 cells conﬁrmed the presence of
karyopherin β1 within the ASK1 complex (Fig. 1B). Moreover,
karyopherin β1 levels were found to be increased in immunoprecipi-
tates generated from cells subjected to H2O2 treatment (Fig. 1B).
The formation of a heterodimer with karyopherin-α is a general
feature of karyopherin β1. We therefore probed the FLAG–ASK1 immu-
noprecipitates for the presence of karyopherin α2. As shown in Fig. 1B,
karyopherin α2 was also found to co-immunoprecipitate with FLAG–
ASK1 containing complexes. Importantly, as observed with karyopherin
β1, karyopherin α2 levels were also greatly increased in response to
H2O2 treatment. Collectively, our data show that both karyopherin α2Fig. 1. Karyopherin α2/β1 heterodimer associates with ASK1 in response to oxidative-stres
for the indicated period of time. Equal amount of puriﬁed FLAG–ASK1 containing complexes
staining. The identity of the proteins containedwithin the bandswasdetermined bymass spectr
left untreated or exposed to 2 mMH2O2 for the indicated period of time. The cell extractswere im
indicated antibody. The bottom panel shows a graphical representation of the data. The relative b
the amount of karyopherin to FLAG–ASK1. Data are the mean±s.e.m from three independent eand karyopherin β1 are transiently recruited to the ASK1 signalosome
in response to oxidative stress.
3.2. H2O2 and angiotensin induce ASK1 nuclear import
Given that the karyopherins are known to facilitate nucleo-
cytoplasmic transport, the ﬁnding that ASK1 associates with proteins
of the karyopherin family following H2O2 treatment suggests that
ASK1 might be shuttled into the nucleus under stress conditions.
Thus, we next investigated the possibility that ASK1 translocates from
the cytoplasm to the nucleus in response to stress.We evaluated two dif-
ferent stressors which have been previously reported to activate ASK1,
H2O2 and the angiotensin receptor 1A (AT1R) agonist, angiotensin II pep-
tide (AgII). For these experiments, HEK293 cells or HEK293 cells stably
expressing the AT1R (HEK-AT1R) were transiently transfected with
FLAG–ASK1 (HEK293–ASK1 and HEK–AT1R–ASK1 cells, respectively)
and stimulated with either H2O2 or with AgII, respectively. Western
blot analysis of nuclear extracts revealed that ASK1 protein levels were
signiﬁcantly increased (when compared to untreated) in nuclear ex-
tracts of HEK293–ASK1 cells following 15 min of exposure to H2O2 and
remained detectable for up to 30 min (Fig. 2A). In addition, a similar
increase in the level of phosphorylated ASK1 (residue Threonine 845)
was observed in the nuclear fraction (Fig. 2A, p-ASK1), suggesting that
ASK1 is active within the nucleus. In good agreement with these data,
both ASK1 and p-ASK1 levels were increased in the nuclear fraction of
HEK–AT1R–ASK1 cells following 10 and 15 min of treatment with AgII
(Fig. 2B). In contrast, ASK1 levels in the nuclear fraction remained
unaltered in non-AT1R overexpressing (HEK293-ASK1) cells in response
to AgII treatment (data not shown) demonstrating that the AgII-
induced ASK1 nuclear import is AT1R-mediated. Importantly, ASK1 pro-
tein levels remained identical in the cytosol fraction after stimulation
with either H2O2 or AgII, indicating that the stress-induced increase in
ASK1 levels observed in the nuclear extract results from an active trans-
port rather than from an increase in ASK1 expression (Fig. 2C).s. (A) HEK293 cells were transfected with FLAG–ASK1 and exposed (+) to 2 mM H2O2
was electrophoresed on SDS-PAGE and the protein bands visualized by Coomassie blue
ometry. (B)HEK293 cellswere transfectedwith empty vector (−) orwith FLAG–ASK1 and
munoprecipitatedwith an anti-FLAG antibody followed by immunoblotting (IB)with the
inding of karyopherinα2 and karyopherin β1 to FLAG–ASK1 was obtained by normalizing
xperiments, and are expressed as fold versus control.
Fig. 2. Oxidative stress and angiotensin II induce ASK1 nuclear accumulation in HEK293 cells. (A) HEK293 cells were transfected with FLAG–ASK1 and exposed to 2 mMH2O2 for the
indicated period of time. SDS PAGE and Western blot analyses were performed on nuclear extracts derived from these treatment groups using speciﬁc antibodies to detect FLAG-ASK1,
phosphorylated-ASK1 (p-ASK1), nucleolin and α-tubulin. The bottom panel shows a graphical representation of the data. Relative levels of FLAG–ASK1 in the nucleus were obtained by
normalizing the amount of FLAG–ASK1 to nucleolin. (B) HEK293–AT1R cells were transfectedwith FLAG–ASK1 and treatedwith 100 nM of angiotensin II for the indicated period of time.
SDS PAGE andWestern blot analyses of nuclear cell extracts were carried out as described in (A). The bottom panel shows a graphical representation of the data. Relative levels of FLAG–
ASK1 and p-ASK1 in the nucleus were obtained by normalizing the amount of FLAG–ASK1 to nucleolin. (C) SDS PAGE and Western blot analyses were performed on cytosolic extracts
derived from the treatment groups described in (A) and (B) and visualized using speciﬁc antibodies to detect FLAG–ASK1. The relative level of FLAG–ASK1 in the nucleus was obtained
by normalizing the amount of FLAG–ASK1 to nucleolin. Data are the mean±s.e.m from three independent experiments, and are expressed as fold versus control.
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lar localization in HEK293–ASK1 and HEK–AT1R–ASK1 cells using immu-
nohistochemistry. Therefore, cells were left untreated or stimulated with
H2O2 or AgII before ﬁxation and co-stained with ASK1 antibody and the
nuclear stain DAPI. Confocal microscopy revealed diffuse cytoplasmic
ASK1-staining in unstimulated HEK293–ASK1 and HEK–AT1R–ASK1
cells, with no ASK1 immunoreactivity observed in the nucleus (Fig. 3A).
In good agreement with our nuclear-cytoplasmic fractionation experi-
ments (Fig. 2A and B), the cell population exhibiting ASK1 immunoﬂuo-
rescence within the nucleus increased in response to both H2O2 andAgII treatments (Fig. 3A). To determine whether the stress-induced
translocation of ASK1 occurs in a more physiological relevant system,
we evaluated the subcellular location of endogenous ASK1 in
human induced pluripotent stem (iPS) cell-derived cardiomyocytes.
In unstimulated cardiomyocytes, ASK1 staining revealed a strictly
cytoplasmic localization (Fig. 3B) as previously reported [29]. In con-
trast, addition of H2O2 or AgII, resulted in ASK1 perinuclear accumula-
tion and nuclear entry (Fig. 3B, arrow and arrowhead, respectively).
Typically, an increase in the number of cells exhibitingASK1 immunore-
activity in the nucleus was observed 20–30 min after H2O2 or AgII
Fig. 3. H2O2 and angiotensin II induce ASK1 nuclear import in HEK293 cells and human cardiomyocytes. (A) HEK293 cells and HEK293-AT1R cells transfected with FLAG–ASK1 were
exposed to either 2 mM H2O2 for 15 min or to 100 nM angiotensin II for 10 min. Cells were ﬁxed and stained for FLAG–ASK1 protein (red). DNA was visualized with
4′,6-diamidino-2-phenylindole (DAPI, blue). Intracellular localization of ASK1 was visualized by confocal microscopy after indirect immunoﬂuorescent staining. FLAG–ASK1 was
observed within the nucleus of HEK cells after H2O2 or angiotensin II treatment as indicated by co-localization with DAPI. (B) Human cardiomyocytes were exposed to either
2 mM H2O2 for 15 min or to 100 nM angiotensin II for 10 min. Cells were ﬁxed and stained for endogenous ASK1 (red) and for nuclei using DAPI (blue). Intracellular localization
of ASK1 was visualized by confocal microscopy. Stimulation of human cardiomyocytes with H2O2 or angiotensin II induced accumulation of endogenous ASK1 in the perinuclear
area (B, arrow) and within the nucleus (B, arrowhead). Scale bars, 10 μm.
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as AT1R activation induces nuclear import and accumulation of an ac-
tive subset of ASK1 molecules.
3.3. Karyopherin α2/β1 complex colocalizes with ASK1 and mediates its
nuclear import in response to stress
To characterize the mechanism of ASK1 nuclear import we ﬁrst
examined the subcellular localization of ASK1 and karyopherin α2/β1
heterodimer in HEK293–ASK1 and HEK–AT1R–ASK1 cells using immu-
nohistochemistry. As shown in Fig. 4A, ASK1- and karyopherin
α2-staining did not colocalize in unstimulated cells. By contrast, follow-
ing stimulation with either H2O2 or Ag II, nuclear accumulation of ASK1
togetherwith a signiﬁcant overlap in staining for ASK1 and karyopherin
α2 is observed. Interestingly, ASK1 and karyopherinα2 colocalize at the
nuclear membrane in HEK–AT1R–ASK1 cells. These data, consistent
with our mass spectroscopy and immunoprecipitation data, suggest
that ASK1 interact with the karyopherin α2/β1 heterodimer in re-
sponse to stress.
To further investigate the role of karyopherin α2 and β1 in ASK1
nuclear import, we next examined the effect of genetic knock-down
of karyopherin α2 or β1. Using commercially available siRNAs, despite
repeated attempts, knockdown of karyopherin α2 was unsuccessful.
However, karyopherin β1 expression was almost completely repressed
following 72 h of treatment of HEK293–ASK1 cells with karyopherin β1siRNA (Fig. 4B). As anticipated, depletion of karyopherin β1 was found
to inhibit H2O2-induced ASK1 nuclear import (Fig. 4C). These data are
in good agreementwith our previous observations and strongly suggest
that the karyopherin α2/β1 heterodimer interacts with and mediates
ASK1 nuclear entry in response to oxidative stress.
3.4. The KKKK motif of ASK1 is required for interaction with the
karyopherin α2/β1 heterodimer and ASK1 nuclear import
NLS sequences that navigate proteins through the nuclear pore
complex are characteristically rich in basic amino acids lysine and/or
arginine [30]. Monopartite signals represent the simplest NLS and con-
tain a single cluster of positively charged residueswhereas bipartite NLS
motifs contain two interdependent clusters of basic amino acids
separated by a linker region. ASK1 amino acid sequence analysis
revealed the presence of a nucleoplasmin NLS-like sequence composed
of two stretches of basic residues separated by a spacer of 16 amino
acids in the C-terminal region of the ASK1 kinase domain: KR[ACAND
LLVDEFLKVSS]KKKK (amino acids 925–946) (Fig. 5A). Alignment with
the rat and mouse orthologues shows that this amino acid sequence is
highly conserved (Fig. 5A). Thus, we next examined whether this region
is necessary for H2O2-induced FLAG–ASK1–karyopherin α2/β1 complex
formation. Therefore, the NLS downstream cluster (943–946 KKKK)
was substituted by four alanine residues (FLAG–ASK1NLS) and the immu-
noprecipitation experiments were repeated. In HEK293–ASK1 cells,
Fig. 4. Karyopherin α2/β1 heterodimer is required for ASK1 nuclear import in response to oxidative-stress. (A) HEK293 cells and HEK293-AT1R cell transfected with FLAG–ASK1
were exposed to either 2 mM H2O2 for 15 min or to 100 nM angiotensin II for 10 min. Cells were ﬁxed and stained for FLAG–ASK1 protein (red) and for karyopherin α2
(green). DNA was stained with 4′,6-diamidino-2-phenylindole (blue). Intracellular localization of ASK1 and karyopherin α2 was visualized by confocal microscopy after indirect
immunoﬂuorescent staining. In unstimulated cells, ASK1 and karyopherin α2 do not colocalize. In contrast, ASK1 is found within karyopherin α2-positive domains (Merge, yellow)
after H2O2 or angiotensin II treatment. Scale bars, 10 μm. (B) HEK293 cells were transfected with either a control scrambled siRNA or siRNA directed against karyopherin β1 for 24,
48, and 72 h. Western blot analysis of extracts using speciﬁc antibodies to detect karyopherin β1 showed time dependent decrease in karyopherin β1 protein levels. The bottom
panel shows a graphical representation of the data. The decrease of karyopherin β1 (Kapβ) is expressed in % of control and was obtained by normalizing the amount of Kapβ to
tubulin. (C) HEK293 cells were transfected with either FLAG–ASK1 or co-transfected with FLAG–ASK1 and karyopherin β1 siRNA and exposed to 2 mM H2O2 for 15 min. Western
blot analysis of nuclear cell extracts was performed using speciﬁc antibodies to detect FLAG–ASK1. The bottom panel shows a graphical representation of the data. The relative level
of FLAG–ASK1 in the nucleus was obtained by normalizing the amount of FLAG–ASK1 to nucleolin. Data are the mean±s.e.m from three independent experiments, and are
expressed as fold versus control.
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15 min after treatment with H2O2 (Fig. 5B) as previously demonstrated
in Fig. 1B. In contrast, when the FLAG–ASK1NLS was expressed in
HEK293 cells, H2O2-dependent association of ASK1 with the karyopherin
α2/β1 heterodimer was signiﬁcantly attenuated (Fig. 5B). Consequently
H2O2-induced ASK1 nuclear import was also signiﬁcantly reduced in
FLAG–ASK1NLS-expressing HEK293 cells (Fig. 5C). The role of the NLSsequence in stress-induced ASK1 nuclear import was further conﬁrmed
by the absence of ASK1 positive nuclear staining following H2O2 stimu-
lation in HEK293 cells transiently transfected with the ASK1NLS mutant
(Fig. 5D). These results clearly demonstrate that the 943–946 KKKK
motif of ASK1 is required for physical association with the karyopherin
α2/β1 heterodimer and further support the hypothesis that the
karyopherin α2/β1 heterodimer mediates ASK1 nuclear entry in
Fig. 5. The KKKK motif of ASK1 NLS is essential for the interaction with karyopherin α2/β1 heterodimer and nuclear import. (A) Schematic representation of human ASK1 (hASK1),
its rat (rASK1) and mouse (mASK1) orthologues and its NLS mutant (ASK1NLS). ASK1 contains an almost identical NLS sequence to nucleoplasmin: KR[ACANDLLVDEFLKVSS]KKKK
(amino acids 925–946 in human ASK1). CC, coiled-coil domain. (B) HEK293 cells were transfected with the indicated FLAG–ASK1 constructs and treated with 2 mM H2O2 for
15 min. The cell extracts were immunoprecipitated with an anti-FLAG antibody followed by immunoblotting (IB) with the indicated antibody. The IB analysis using anti-FLAG an-
tibody was used to demonstrate equivalent loading concentrations of the samples. The bottom panel shows a graphical representation of the data. The relative binding of Kap α2
and Kap β1 to FLAG–ASK1 was obtained by normalizing the amount of immunoactivity to control. (C) HEK293 cells were transfected with the indicated FLAG–ASK1 constructs and
treated with or without 2 mM H2O2 for 15 min. Western blot analysis of nuclear cell extracts using speciﬁc antibodies to detect FLAG–ASK1 revealed that mutation of the KKKK
motif impairs H2O2-induced ASK1 nuclear import. The bottom panel shows a graphical representation of the data. The relative level of FLAG–ASK1 in the nucleus was obtained
by normalizing the amount of FLAG–ASK1 to nucleolin. Data are the mean±s.e.m from three independent experiments, and are expressed as fold versus control. (D) HEK293
cells transfected with FLAG–ASK1NLS were exposed to either 2 mM H2O2 for 15 min. Cells were ﬁxed and stained for FLAG–ASK1 protein (red). DNA was stained with DAPI
(blue). Intracellular localization of ASK1 was visualized by confocal microscopy after indirect immunoﬂuorescent staining. (E) In vitro binding assay using recombinant FLAG–ASK1,
FLAG–ASK1NLS and karyopherin α2 proteins. The indicated puriﬁed proteins were co-incubated and subjected to immunoprecipitation with anti-FLAG antibody. Complex formation
was revealed using Western blot with anti-karyopherin α2 antibody. Western blot analysis using the anti-FLAG antibody was used to demonstrate identical loading concentrations of
the samples.
589E. Sturchler et al. / Biochimica et Biophysica Acta 1833 (2013) 583–592response to oxidative stress. Finally, to conﬁrm that karyopherin α2
physically interacts with ASK1 NLS, we performed FLAG immunoprecip-
itation experiments using puriﬁed FLAG–ASK1, FLAG–ASK1NLS and
karyopherinα2 recombinant proteins. Thedata revealed that the puriﬁedFLAG–ASK1 protein can bind efﬁciently to recombinant karyopherin α2
protein (Fig. 5E). In contrast, the recombinant karyopherin α2 protein
did not co-immunoprecipitatewith puriﬁed FLAG–ASK1NLS protein as in-
dicated by the absence of karyopherin α2 protein immunoreactivity
590 E. Sturchler et al. / Biochimica et Biophysica Acta 1833 (2013) 583–592(Fig. 5E). These data conﬁrm that ASK1 and karyopherin α2 proteins
physically interact and that the ASK1 943–946 KKKK motif is necessary
for the formation of this complex.
3.5. ASK1 nuclear import modulates cell death upon H2O2 stimulation
It is well documented, that overexpression of ASK1 induces apoptosis
in HEK293 cells [31]. Since our data indicates that a subset of active ASK1
molecules is imported into the nucleus upon H2O2 stimulation, we inves-
tigatedwhether this mechanism had any effect on the apoptotic function
of ASK1. Thus, HEK293 cells were transiently transfected with either
FLAG–ASK1 or FLAG–ASK1NLS and stimulated with either 0.5 or 1 mM
H2O2 for 1 h and cell viability was monitored using CellTiter-Glo assay.
As shown in Fig. 6A, in the absence of stimulation cell viabilitywas similar
in HEK293 cells overexpressing either the wild type ASK1 or the ASK1NLS
mutant, but signiﬁcantly reduced compared to non-transfected cells.
However, following treatment with H2O2, cell death was signiﬁcantly
attenuated in cell expressing the ASK1NLS mutant compared to HEK293
cells expressing wild type ASK1. Collectively, these data clearly indicate
that the nuclear subset of ASK1 plays a role in H2O2-induced
ASK1-mediated apoptosis and suggest that the karyopherin α2/β1
heterodimer-mediated ASK1 nuclear import is involved in the regulation
of cell survival (Fig. 6B).
4. Discussion
Cell-based and biochemical studies have demonstrated that ASK1
is associated with a number of interacting proteins which leads to the
formation of high molecular weight complexes (1000–3000 kDa),
designated the ASK1 signalosome [19,32]. While the precise nature of
the ASK1 signalosome remains to be fully characterized, it is postulated
to be highly dynamic, serving as a foundation for the assembly of speciﬁc
signaling modules, and that the subset of regulatory proteins that is
recruited to orchestrate ASK1-mediated responses depends on the
context of the initial stress. Herein, we demonstrate for the ﬁrst
time, that ASK1 interacts with the karyopherin α2/β1 heterodimer
in a stress-induced manner. Interaction of cargo proteins with the
karyopherinα2/β1 complex represents the ﬁrst step of active transport
of macromolecules from the cytoplasm to the nucleus through the
nuclear envelope via a specialized nuclear pore complex [20,21].
Moreover, selective nuclear import mediated by the karyopherin
α2/β1 heterodimer requires the presence of nuclear localization
signals (NLS) within cargo proteins. According to the classical model,
karyopherin α2 recognizes and binds to the NLS whereas karyopherin
β1 docks the heterotrimeric complex to the nuclear pore [26,27]. InFig. 6. The nuclear subset of ASK1 molecules controls cell viability. (A) HEK293 cells were tra
concentration of H2O2 for 1 h and cell survival was assessed. Data are the mean±S.D from t
unpaired t-test. (B) Schematic representation of the regulation of cell survival by cytoplasm
the karyopherin α2/β1 heterodimer interacts with ASK1 and mediates its nuclear import. Ithis regard, we have identiﬁed a canonical NLS motif composed of two
basic clusters of amino acids within the ASK1 primary sequence. Muta-
tion of the ASK1 NLS motif inhibits the binding of both endogenous and
puriﬁed recombinant karyopherin α2 conﬁrming that karyopherin α2
physically interacts with the ASK1 NLS and that this sequence is re-
quired for stress-induced ASK1-karyopherinα2/β1 complex formation.
Controlling ASK1 subcellular localization provides an additional mecha-
nism for regulating its function. For example, it has been established
that ASK1 relocates from the cytoplasm to the perinuclear region
when co-expressed with the 14-3-3 proteins or with the IGF1 receptor
[18,33]. Likewise, co-expression of ASK1 with ALG-2 (apoptosis linked
gene-2) results in ASK1–ALG-2 complex formation and ASK1 nuclear
translocation [34]. In addition, a subpopulation of the ASK1 pool was
shown to translocate to the nucleus in response to TNF-α stimulation
in 3T3 cells [35]. However, themechanism driving ASK1 nuclear import
has not been previously described. Ourmass spectroscopy data indicate
that in response to stress, ASK1 interacts with transport proteins of the
karyopherin family which are known to facilitate active import of
macromolecular cargo into the nucleus. This observation strongly
suggests that ASK1 can translocate to the nucleus in a stress-
induced manner. Under basal conditions, exogenously expressed
ASK1 exhibits a diffuse cytosolic staining. In contrast, immunohisto-
chemistry andWestern blot analysis conﬁrmed that a subset of ASK1
molecules translocates to the nucleus of HEK293 cells following H2O2
or AgII stimulation. Furthermore, conﬁrmation of ASK1 nuclear
translocation in amore physiological setting is supported by the observa-
tion that a fraction of endogenously expressed ASK1 accumulates within
the nucleus of human cardiomyocytes following H2O2 or AgII stimula-
tion. Importantly, comparison of the data presented in Figs. 1–4, demon-
strates that ASK1 nuclear import kinetics parallels the association
kinetics of ASK1 with the karyopherin α2/β1 heterodimer. Moreover,
depletion of karyopherin β1 or mutation of the NLS abrogated
ASK1 nuclear accumulation, supporting the hypothesis that the
karyopherin α2/β1 heterodimer interacts with, and mediates ASK1
nuclear entry in response to extracellular stressors.
As described earlier, ASK1 is involved in the modulation of cell dif-
ferentiation and survival [31] and is activated in response to a wide
variety of stressors including lipopolysaccharides, reactive oxygen
species such as H2O2, tumor necrosis factor (TNF)α, endoplasmic retic-
ulum (ER) stress, inﬂux of calcium ions, cytokines, Fas ligand, and GPCR
agonists. It relays these signals to the p38 and c-jun NH2-terminal ki-
nase (JNK) pathways by direct phosphorylation of the MAP2Ks,
MKK3/6 andMKK4/7, respectively [1–3]. In the present work, stimu-
lation of either HEK293 cells or human cardiomyocytes resulted in
nuclear accumulation of ASK1, suggesting the existence of spatiallynsiently transfected with the indicated vector. The cells were treated with the indicated
en independent experiments. NS, non-signiﬁcant; *, p=0.0003; **, pb0.0001, based on
ic and nuclear subset of ASK1 molecules following H2O2 stimulation. Upon treatment,
n the nucleus, ASK1 can interact with nuclear proteins involved in cell death.
591E. Sturchler et al. / Biochimica et Biophysica Acta 1833 (2013) 583–592and functionally distinct ASK1 species within the same cell. Impor-
tantly, our data indicate that the nuclear subset of ASK1 molecules
is in a phosphorylated state consistent with an active conformation
of the enzyme. Interestingly, previous studies revealed the presence
of MKK3 and MKK6 as well as inactive p38 within the nucleus of
HEK293 cells [36]. Furthermore, MKK7 predominantly localized
within the nucleus of neurons, was found to be activated in response
to an increase in reactive oxygen species [37]. Since ASK1 substrates
appear to be differentially compartmentalizedwithin cells, active nuclear
import may provide an additional mechanism by which activated ASK1
kinase gains access to speciﬁc substrates. In addition, ASK1 may also in-
teract and phosphorylate nuclear proteins such as transcription factors
or chromatin remodeling proteins, and thereby modulate gene expres-
sion in response to extracellular stressors. Indeed, ASK1 has been
shown to interact with and phosphorylate the retinoblastoma protein
(Rb), a nuclear protein involved in cell cycle regulation [35]. This molec-
ular event leads to the inhibition of Rb's anti-apoptotic properties and is
crucial for TNF-α-induced apoptosis in 3T3 cells.More recently, a positive
feedbackmechanism has been described in which ASK1, by inhibiting Rb
function, can modulate E2F1 activity leading to up regulation of ASK1
gene expression, as well as BIM activation, another key protein involved
in apoptosis. [38]. In line with these data, the present study clearly estab-
lishes that ASK1 nuclear import plays a role in ASK1 apoptotic function in
response to oxidative stress.
These data highlight that particular and distinct subsets of ASK1
molecules, localizedwithin different subcellular compartments, orches-
trate cell death in response to oxidative stress. The identiﬁcation of nu-
clear speciﬁc ASK1 interacting partners will provide new insight into
our understanding of the mechanism(s) involved in ASK1-mediated
cell death. Interestingly, in a mouse model of Huntington's disease
(HD), high levels of ASK1 molecules were found within the nucleus of
cortical and striatal neurons [39]. Therefore, regulating the amount
ASK1within thenucleus by inhibiting its interactionwith the karyopherin
α2/β1 heterodimer may provide a new strategy for the treatment of
diseases such as HD.
In conclusion, we have identiﬁed and characterized a signal trans-
duction mechanism in which ASK1 is imported into the nucleus of
cells via active transport involving the karyopherin α2/β1 heterodimer
in response to stress. These molecular events lead to the accumulation
of ASK1 within the nucleus allowing ASK1 apoptotic function to be
ﬁne-tuned into a discrete subcellular location.
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